ABSTRACT Studies were conducted to develop a nondestructive method for monitoring the rate of rigor mortis development in poultry and to evaluate the effectiveness of electrical stimulation (ES).
INTRODUCTION
Within recent years the poultry industry has experienced a dramatic increase in consumer consumption of boneless breast meat. Intact broiler carcasses must be stored under refrigeration until 3 to 6 h before deboning to allow rigor mortis to develop. Deboning before this time causes the meat to be objectionably tough. Therefore, processors have been interested in alternate methods for monitoring rigor mortis development.
With the introduction of industrial methods of meat production and marketing, a demand for an automated in-line quality monitoring system has been established To whom correspondence should be addressed: asams@poultry. tamu.edu. 1198 0.05) during rigor mortis development and with ES. These results indicate that physical measurements of the wings may be useful as a nondestructive indicator of rigor development and for monitoring the effectiveness of ES.
In the second study, 60 male broilers in each of two trials were processed at 7 wk of age. At 0.25, 1.5, 3.0, and 6.0 h PM, carcasses were evaluated for the distance between the elbows. At each time point, breast fillets were harvested from each carcass. Fillet samples were excised and frozen for later measurement of pH and sacromere length, whereas the remainder of each fillet was held on ice until 24 h PM. Shear value and pH means (P < 0.05) decreased, whereas sarcomere length means (P < 0.05) increased over time, indicating rigor mortis development. Elbow distance decreased (P < 0.05) with rigor development and was correlated (P < 0.01) with shear value (r = 0.2581), sarcomere length (r = −0.3079), and pH (r = 0.6303). These results suggest that elbow distance could be used in conjunction with other detection methods for optically automating measurement of rigor mortis development in broiler carcasses. in order to keep up with consumer demand. Considerable research has been conducted within the pork industry on developing an in-line quality monitoring system. A rapid means of determining carcass quality is needed for processors to quickly and accurately differentiate between postmortem (PM) variations in carcass quality during processing. Chizzolini et al. (1993) , Anderson et al. (1999), and Forrest et al. (2000) have conducted studies for objectively measuring pork pH, water-holding capacity, drip loss, and color in-line. Anderson et al. (1999) concluded that measuring the pH of longissimus dorsi and semimembranosus muscles using spectroscopic techniques proved to be highly correlated with conventional probe methods for measuring muscle pH. Forrest et al. (2000) concluded that fiber optic near-infrared reflectance has potential for predicting drip loss in pork carcasses at 24 h PM.
Abbreviation Key: ES = electrical stimulation; PM = postmortem.
With the development of an automated, in-line, optically based method for monitoring rigor mortis development in poultry, processors could quickly and accurately monitor rigor mortis development and therefore determine an optimum deboning time for broiler carcasses. To date no research has been published on using physical, carcass-based measurements to monitor rigor mortis development in poultry.
Therefore, the objective of the first study was to monitor the rate of rigor mortis development and to evaluate the effectiveness of PM electrical stimulation (ES) on commercial broiler carcasses by measuring physical changes in carcass dimensions of the shoulder, elbow, and wing tip at 0.25 and 1.5 h PM. Postmortem muscle pH, R-value, and shear value measurements were used to monitor rigor mortis development and evaluate the effectiveness of ES. The objective of experiment 2 was to determine if elbow distance could be used as a nondestructive means for evaluating the time course of rigor mortis development in broiler carcasses. Elbow distance of broiler carcasses was measured at 0.25, 1.5, 3, and 6 h PM and was related to PM muscle pH, sarcomere length, and shear value.
MATERIALS AND METHODS

Experiment 1
Thirty-six commercial male broilers in each of two trials were slaughtered at 7 wk of age. The birds were obtained from a local processor 3 d prior to processing and transported to the university poultry research center. The birds were housed in litter-covered floor pens and fed a corn-and-soybean-based poultry ration (according to NRC requirements) ad libitum until the day of processing. Feed (but not water) was withdrawn from the birds 12 h prior to slaughter, and birds were transported to the processing plant 1 h prior to processing. In each of three replications, 12 birds were hung on the shackle line and then electrically stunned 3 (15 mA, 12 s) by head immersion in a charged, 1% saline bath. Immediately following stunning, birds were killed by bleeding for approximately 90 s from a single unilateral neck cut severing the right carotid artery and jugular vein. After bleed-out, half of the birds in each replication were removed from the shackles as nonstimulated controls, and the other half were electrically stimulated with 450 V AC as described by Zocchi and Sams (1999) . After stimulation, the birds were scalded 4 (61°C, 45 s) and their feathers removed in a rotary-drum picker 5 for 25 s. After feather removal, at 0.25 h PM, carcasses were hung on a shackle line by the hocks and evaluated using a Starrett protractor 6 for angles of the shoulder, elbow, and wing tip. The distance between the elbows was also measured in centimeters using a standard measuring tape at increments of 0.10 cm.
The angle of the humerus as measured along the medial surface of the humerus and extending along the ventral surface of the thorax toward the apex of the clavicle was designated as shoulder angle 1 (Figure 1 ). The angle of the humerus as measured along the dorsal surface of the humerus and extending caudal along the axis parallel with the spine was designated as shoulder angle 2 (Figure 2 ). The elbow angle was measured between the dorsal surface of the humerus and the dorsal axis parallel with the radius and ulna ( Figure 3 ). The wing tip angle was measured by measuring along the ventral side of the radius and ulna and then by measuring perpendicularly up along the wing tip ( Figure 4 ). Elbow distance was determined by measuring the distance between the left and right elbows ( Figure 5 ). Carcasses were manually eviscerated and then placed in a 1°C ice-slush chill for 1 h with bird density sufficiently low to prevent any carcass contact with tank walls or other carcasses. Thus the carcass appendages were free to move as rigor mortis developed. At 1.5 h PM, carcasses were then reevaluated for the same angles of the shoulder, elbow, wing tip, and the distance between the elbows. After being chilled, at 1.5 h PM, both breast muscles were harvested from the carcasses. The caudal half of the right fillet was removed and sampled for muscle pH and R-value analysis. The samples were immediately packaged in plastic bags, frozen in liquid nitrogen, and stored at −76°C until analysis. The left fillet was aged on ice until 24 h PM and then used for the determination of shear value. Muscle pH decline from the accumulation of lactic acid was determined as a measure of rigor mortis development using the iodoacetate method as described by Jeacocke (1977) as modified by Sams and Janky (1986) . R-value, which is an indirect measure of ATP depletion, was determined using methods of Khan and Frey (1971) and Honikel and Fischer (1977) , as modified for poultry by Thompson et al. (1987) . Fillets used for shear value analysis were baked on raised wire racks in aluminumlined and covered pans in an air convection oven 7 to an internal temperature of 72°C. Allo-Kramer shear value (kg/g of meat) was determined on surface samples (40 × 20 × 7 mm) in duplicate. Shear value was measured using an Instron Universal Testing Machine 8 equipped with a 10-blade Allo-Kramer shear compression cell using a 500-kg load cell with a load range of 200 kg and a crosshead speed of 500 mm/min as described by Sams (1990) .
Data were subjected to analysis of variance using the general linear models procedure (SAS Institute, 1994) . Because no significant interaction between trial and treatment (ES) was observed, the data from both trials were pooled. Correlation coefficients between pH, Rvalue, and shear value, relative to shoulder angle 2, elbow angle, and elbow distance, were calculated using the Proc Corr procedure of SAS software (1994). Electrical stimulation treatment means between pH, R-value, and shear value were separated using Duncan's multiple-range test with a significance level of P ≤ 0.05.
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Experiment 2
From the physical parameters utilized in experiment 1 for monitoring rigor mortis development, elbow distance was further exploited due to the repeatability of obtaining this measurement. In each of two trials consisting of five replications of 12 birds per replication, 60 male commercial birds were slaughtered at 7 wk of age. Birds were processed according to the same parameters Means within a column and postmortem harvest time with different superscripts differ significantly (P < 0.05).
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Electrically stimulated.
as experiment 1. Postmortem sampling time points of 0.25, 1.5, 3.0, and 6.0 h were established in order to closely follow the rate of rigor mortis development within broiler pectoralis.
After feather removal, at 0.25 h PM, carcasses were rehung on a shackle line by the hocks. Elbow distance was then determined as in experiment 1 by measuring the distance between the two ends of each elbow in centimeters. The birds were then manually eviscerated and placed in a 1°C ice-slush chill for 1 h. After being chilled, at 1.5 h PM carcasses were evaluated for elbow distance measurements and sampled for biochemical analyses. The carcasses to be sampled at 3 and 6 h PM were then hung by their legs on racks in a 2°C cooler until analysis. This was to prevent contact with other carcasses, which would disrupt the wing movement during rigor mortis development. At 3 and 6 h PM, both breast fillets were harvested from three carcasses for physiologic and biochemical analyses. Left fillets were FIGURE 5. Elbow distance of broiler carcass. stored on ice until 24 h PM when they were used for shear value analysis as described by Sams (1990) . The caudal half of the right fillet was used to measure muscle pH using the same procedure as in experiment 1, and sarcomere length analysis was by using the laser diffraction method as described by Sams et al. (1990) . Sarcomere length estimates the contraction of the muscles during rigor mortis development.
The data in experiment 2 was subjected to analysis of variance using the general linear models procedure (SAS Institute, 1994) . Because no significant interaction between trial and treatment was observed, data from both trials were pooled. Correlation coefficients were generated using the Proc Corr procedure of SAS software (1994) between elbow distance and muscle pH, sarcomere length, and shear value. All means were separated using Duncan's multiple-range test at P ≤ 0.05. Linear regression models were generated for pH, sarcomere length, and shear value against elbow distance using Sigma Plot (1997).
RESULTS AND DISCUSSION
Experiment 1
During rigor mortis development, significant changes in carcass dimensions occurred in the nonstimulated controls and the ES group. At 0.25 h PM the ES carcasses exhibited significantly greater wing angles than the nonstimulated controls for only shoulder angle 1 (Table 1) . At 1.5 h PM however, the ES carcasses exhibited significantly decreased shoulder angle 1 as compared to the nonstimulated controls. The data compiled from shoulder angle 1 were not consistent with rigor mortis development and were deleted from further analyses. Shoulder angle 2 exhibited a significant decrease in the ES group at 0.25 h PM as compared to the nonstimulated controls (Table 1) . At 1.5 h PM, the same trend continued in that the ES birds exhibited a significantly decreased shoulder angle 2 as compared to the nonstimulated controls. This gradually decreasing trend can be attributed to the effects of ES in accelerating the rate of rigor mortis and sarcomere shortening (Thompson, 1987) .
Elbow angle means at 0.25 and 1.5 h PM were significantly smaller in the ES groups than the nonstimulated controls (Table 1) . Wing tip angle means at 0.25 h PM for the ES group were significantly smaller than the nonstimulated control group (Table 1) . However, at 1.5 h PM no significant wing tip angle difference was reported between the ES and nonstimulated controls. This finding suggested that wing tip angle did not accurately indicate rigor mortis development in the breast muscle. Elbow distance means at 0.25 and 1.5 h PM exhibited a significantly decreased elbow distance in the ES group as compared to the nonstimulated controls. This decreasing trend in elbow distance can be attributed to the increase in rigor development due to the effects to ES advancing the state of rigor development. Muscle pH and R-value were measured to monitor PM metabolism in broiler breast fillets. Muscle pH and R-value results indicated that ES significantly accelerated the normal PM metabolism at 1.5 h PM as compared to the nonstimulated controls (Table 2) . A significant decrease in the PM pH by ES has been demonstrated by Lyon et al. (1989) in broilers, who reported that ES (200 and 350 V) lowered pH values in breast fillets harvested at 10 min and 1 h PM. The acceleration of muscle metabolism by ES has also been well documented by other researchers in poultry (Thompson et al., 1987; Sams, 1990; Zocchi and Sams, 1999) . Breast fillets from the ES carcasses exhibited significantly greater R-values as compared to the nonstimulated controls at 1.5 h PM, suggesting that ES aids in accelerating muscle metabolism, by depleting ATP at a faster rate.
Allo-Kramer shear value was measured as an objective measurement of meat tenderness. The fillets deboned at 1.5 h PM from ES-treated carcasses exhibited significantly lower shear values as compared to the nonstimulated control fillets ( Table 2 ). The 1.5 h PM EStreated fillets had shear values considered to be tender by consumers (Lyon and Lyon, 1990) , whereas the non- stimulated control fillets were considered to have a higher degree of meat toughness. This shear value reduction from ES has been previously observed and is thought to result, at least in part, from reduced sarcomere shortening, consistent with reduced pH and increased ATP depletion. Muscle pH was significantly correlated with all selected measurements while being the most highly correlated with shoulder angle 2 (Table 3) . R-value was significantly (P < 0.05) negatively correlated with all three carcass measurements. Shear value was only significantly correlated with shoulder angle 2 and elbow distance, with elbow distance being the more highly correlated. Because of this higher degree of correlation and its greater ease of measurement (than shoulder angle 2), elbow distance was selected for further study in experiment 2.
Experiment 2
Elbow distance measurements at 0.25, 1.5, 3.0, and 6.0 h PM were evaluated in this study as a method for determining rigor development in broiler carcasses. During rigor development, physiologic changes within the pectoralis muscles cause contraction and shifted the wings toward the body, thereby decreasing elbow distance. Elbow distance decreased significantly over time at each sampling time point (Table 4 ). The decreasing trend in elbow distance can be attributed to the progressive rate of rigor development within the broiler carcasses over time.
As expected, muscle pH means also decreased significantly over time due to the progression of rigor mortis development (Table 4) . When compared to elbow distance, pH means steadily decreased as elbow distance decreased ( Figure 6 ). Elbow distance was significantly correlated when compared to pH with a correlation coefficient of r = 0.6303.
Sarcomere length, which is closely associated with ATP depletion, was determined in order to reflect the contractile state of the breast muscle. The sarcomere is the repeating structural unit of the myofibril, and is also the basic unit in which events of a muscle's contractionrelaxation cycle occur (Hedrick et al., 1994) . Sarcomere length means did not increase significantly from 0.25 to 3.0 h PM (Table 5) . However there was a significant increase from 3.0 to 6.0 h PM. Sarcomere length was significantly correlated to elbow distance with a relatively low correlation coefficient of r = −0.3079 (Figure 7) .
Allo-Kramer shear values of broiler pectoralis were used as an objective measure of meat tenderness. At 0.25 h PM shear value means were significantly lower than that of the 1.5 h PM shear values (Table 5 ). This trend can be explained due to an increase in the formation of permanent actomyosin cross-bridge formations that result in tougher meat. Lyon and Lyon (1990) found similar results in shear value in poultry and Wheeler and Koohmaraie (1994) in lamb. There was a decreasing trend in shear value from 1.5 to 6.0 h PM. The 6 h PM shear value means were significantly lower than the 3.0 h PM means and would be considered tender by consumers as the shear values means were below the tenderness threshold of 8 kg/g as determined by Lyon Means within a column with different superscript differ significantly (P < 0.05). and Lyon (1990) . When compared against elbow distance, shear value was significantly correlated to elbow distance with a correlation coefficient of r = 0.2581 (Figure 8) , lower than that with pH. The differing correla- tions between elbow distance and the other muscle parameters seem to reflect the differing factors affecting each of these parameters. Although pH, sarcomere length, and shear value are all related through muscle structure and PM metabolism, they are also other integral factors.
In conclusion, the low correlation between some of the biochemical and physical methods can be attributed to the fact that the muscles of the wing (primarily the biceps brachii and triceps humeralis) and back (primarily the anterior and posterior latissimus dorsi, rhomboideus superficialis, and subscapularis), not solely the pectoralis muscles, contributed to wing movement during rigor mortis development. However, elbow distance was significantly correlated with pectoralis pH and could be used to predict the extent of rigor mortis development. This may be useful in monitoring the effectiveness of an ES system in a processing plant or in identifying carcasses with rapidly glycolyzing muscles for their potential to develop pale, exudative meat (Barbut, 1993, McKee and Sams, 1998) .
